The exponential growth of sequence data provides abundant information for the discovery of new enzyme reactions. Correctly annotating the functions of highly diverse proteins can be difficult, however, hindering use of this information. Global analysis of large superfamilies of related proteins is a Proteins 2011; 00:000-000. V V C 2011 Wiley-Liss, Inc.
INTRODUCTION
The number of protein sequences available in public databases such as UniProtKB/TrEMBL is now well over 16 million and continues to rise at exponential rates 1 while our ability to functionally characterize these proteins is limited to just a small fraction of these. Computational approaches that can improve our ability to predict and study their molecular functions are therefore critical for leveraging useful information from genome sequencing projects. Yet, the application of these methods to many superfamilies (SFs) can be confounded by complicated patterns of variation across diverse but related protein sequences. Thus, even as an initial step for understanding their functions, annotation transfer from characterized to uncharacterized proteins based on simple similarity metrics can be insufficient to achieve high confidence prediction of their reaction specificities. 2 One approach to address the widening gap between experimentally characterized and uncharacterized proteins is a global comparison of sequence, structural, and functional features of evolutionarily related proteins to identify common catalytic properties as well as features that distinguish them. Such studies of a number of function-powerful strategy for understanding the evolution of reactions by identifying catalytic commonalities and differences in reaction and substrate specificity, even when only a few members have been biochemically or structurally characterized. A comparison of >2500 sequences sharing the six-bladed b-propeller fold establishes sequence, structural, and functional links among the three subgroups of the functionally diverse N6P superfamily: the arylesterase-like and senescence marker protein-30/gluconolactonase/luciferin-regenerating enzymelike (SGL) subgroups, representing enzymes that catalyze lactonase and related hydrolytic reactions, and the so-called strictosidine synthase-like (SSL) subgroup. Metal-coordinating residues were identified as broadly conserved in the active sites of all three subgroups except for a few proteins from the SSL subgroup, which have been experimentally determined to catalyze the quite different strictosidine synthase (SS) reaction, a metal-independent condensation reaction. Despite these differences, comparison of conserved catalytic features of the arylesterase-like and SGL enzymes with the SSs identified similar structural and mechanistic attributes between the hydrolytic reactions catalyzed by the former and the condensation reaction catalyzed by SS. The results also suggest that despite their annotations, the great majority of these >500 SSL sequences do not catalyze the SS reaction; rather, they likely catalyze hydrolytic reactions typical of the other two subgroups instead. This prediction was confirmed experimentally for one of these proteins.
ally diverse enzyme SFs have contributed to general hypotheses regarding nature's evolutionary strategies in the diversification of protein function (see Refs. 3-6 for some reviews) and provided useful roadmaps to interpreting their structure-function relationships.
This paper describes a functionally diverse enzyme SF distinguished both by its large size (>2500 sequences) and lack of experimental characterization for all but a tiny handful of its members. Previously described 7 as comprising enzymes that catalyze several different chemical reactions, including strictosidine synthase (SS), paraoxonase (PON), and lactonohydrolase (Table I) , all of these enzymes belong to the six-bladed b-propeller fold class and share a common catalytic feature involving nucleophilic attack on an electrophilic substrate. Termed here the nucleophilic attack six-bladed b-propeller (N6P) SF, its members can be clustered into three subgroups based on their sequence similarities. We define a subgroup as sharing similarity in sequence and function within a SF; each subgroup in turn may be comprised of multiple families, each of which catalyzes a distinct overall reaction.
The strictosidine synthase-like (SSL) subgroup, the primary focus of this paper, currently includes three experimentally characterized SSs from Rauvolfia serpentina, 8 Catharanthus roseus, 9 and Ophiorrhiza pumila 10 along with a much larger group of $500 SSL sequences for which the reaction specificity has not been experimentally identified but that have been annotated in public databases as ''putative strictosidine synthases'' or ''strictosidine synthase family proteins,'' based on their similarities to the experimentally characterized SSs. In addition to these, proteins from R. mannii 11 and R. verticillata, 12 which share 100% identity with the SS from R. serpentina, and a sixth protein from O. japonica, 13 which, based on the metabolic profiles of these species and presence of residues important to their SS activity, are predicted to catalyze the SS reaction as well. SS enzymes are produced by higher plants and catalyze the metal-independent condensation of tryptamine and secologanin via a Pictet-Spengler reaction ( Fig. 1a ) to generate strictosidine, a precursor molecule of the monoterpenoid indole alkaloid biosynthesis pathway. Starting with strictosidine, many pathways in different plants then lead to the production of about 2000 alkaloid compounds, several of which are useful in the treatment of a variety of human diseases, including cancer, malaria, and schizophrenia. 14 Though in nature SS shows exquisite specificity for its substrates, rationally designed mutations in the enzyme's active site permit modifications of substrate specificity and the formation of altered products. 15 These ''unnatural'' products have been shown to be incorporated into the pathway, leading to potentially medically useful compounds. 16 Many more SSs will likely be discovered as new plant genomes are solved, opening the possibility of additional ''naturally'' decorated variants that could enlarge the number of available precursors for new drugs in the strictosidine class. Sequences that have been experimentally characterized as catalyzing the SS reaction are termed ''true'' SSs below to distinguish them from the uncharacterized SSL proteins, many of which we suggest catalyze some other reaction instead. The other two subgroups in the N6P SF are termed herein the arylesterase-like and senescence marker protein-30/gluconolactonase/luciferin-regenerating enzyme (SGL) subgroups, based on the Pfam families of the same name. 17 The arylesterase-like subgroup comprises $200 proteins. Its characterized members include the human serum paraoxonases (the PON1, PON2, and PON3 families), which have been shown to have lactonase activity. 18 PON1 proteins additionally catalyze ester bond cleavage and organophosphate degradation reactions, 19,20 whereas PON2 and PON3 proteins have very limited arylesterase activity and virtually no organophosphatase activity 21 (Table I, Fig. 1b ). In vitro studies have also shown that many of these proteins catalyze one or more of these reactions ''promiscuously;'' that is, at a significant rate enhancement but not at the level expected for native-like activity. 18, 20, 22 Like the arylesterase-like subgroup, the SGL subgroup, containing about 1800 members, catalyzes a similar set of chemical reactions. Examples include senescence marker protein-30, an enzyme involved in L-ascorbic acid biosynthesis in nonprimate mammals 23 that can also breakdown toxic organophosphates in mouse liver, 24 drug-responsive protein-35 (Drp35), involved in the resistance to antibiotics by Staphylococcus aureus, 25,26 diisopropylfluorophosphatase (DFPase), which degrades organophosphates 27 but for which the native activity remains unknown, and luciferin-regenerating enzyme, a protein that catalyzes luciferin regeneration in fireflies. 28 Characterized proteins in the arylesterase-like and SGL subgroups are metal dependent and the great majority of sequences in these subgroups share a conserved set of active site residues that are involved in the coordination of a divalent metal ion. These have been implicated by mechanistic studies as being important for catalysis of these lactonase, esterase, and organophosphatase activities. 25,29-31 Our sequence comparisons show that a similar pattern of metal coordinating ligands is conserved in the great majority of SSL sequences as well, including the SSL subgroup member human adipocyte plasma membrane-associated protein (APMAP), which was recently determined to have some arylesterase activity. 32 The vast majority of proteins in both the arylesterase-like and the SGL subgroups have not been biochemically characterized, so that, like the SSL subgroup, their specific functions are not known.
In this paper, we describe a global computational comparison of the >2500 members of the N6P SF to identify their sequence, structural, and mechanistic links, which Strictosidine Synthase-Like Proteins are then used to develop hypotheses about the functions of the many sequences of unknown function (''unknowns'') represented in the SSL subgroup. This global comparison provides a context for discriminating functional features and lays a foundation for prediction of reaction specificity of the unknowns in the N6P superfamily.
MATERIALS AND METHODS

Data set sources and curation
Full-length protein sequences gathered from Pfam 17 seed set families with near structural homology to any protein sharing the six-bladed b-propeller fold (strictosidine synthase: PF03088; Arylesterase: PF01731; SGL: PF08450; Folate_rec: PF03024; GSDH: PF07795; Ldl_re-cept_b: PF00058; MRJP: PF03022; NHL: PF01436; PD40: PF07676; Phytase: PF02333) were used as an initial starting point in identifying new homologous sequences. These data were combined into a ''seed set'' which was used as a query set for a series of BLAST 33 searches against UniRef100. 34 All hits from the initial BLAST search with E-values less than 1E-5 were kept and added. The set was filtered using HMMER 3.0 beta and its three defined filtering criteria. 35 Any sequence that did not meet the three filtering criteria for any of the Pfam HMMs (i.e., did not receive a HMMER score against any Pfam model) were dropped. This set was again used as a query set for BLAST using the same procedure from the first iteration. All sequences from the final set were cropped to the sequence corresponding to the apparent six-bladed b-propeller domain. A curated sequence subset was aligned using PROMALS3D. 36 The clusters corresponding closely to the models for strictosidine synthase, SGL and Arylesterase contained conserved metal coordinating residues and were added to a ''final SF set.'' Detectable activity, as defined in Table I , is denoted as ''yes'' if a protein was reported in the literature to have hydrolytic or condensation activity above background for a given compound in a chemical class (i.e., lactone, ester, organophosphate, or tryptamine 1 secologanin for strictosidine synthase) by a spectrophotometric, HPLC, or cell-based assay.
Generating sequence similarity networks
Sequence similarity networks of the SF and the SSL subgroup were generated using an altered version of a previously described methodology 37 and visualized using the Cytoscape program. 38 Networks were generated in which nodes represent sequences and edges represent BLAST-based connections against the UniRef100 database. 34 An edge is drawn between two sequences only if the statistical significance of the similarity score between them is less than (better than) a defined E-value cutoff. The organic layout was used to generate the final graph.
Structure-guided sequence alignments
The best aligning chains of serum paraoxonase 1 from the arylesterase-like subgroup (pdb_id: 1v04.pdb 39 ), Loligo vulgaris ganglion diisopropylfluorophosphatase (pdb_id: 1pjx.pdb 40 ) and Staphylococcus aureus drug responsive protein-35 (pdb_id: 2dg1.pdb 25 ) from the SGL subgroup, and R. serpentina strictosidine synthase (pdb_id: 2fpb.pdb 41 ) from the SGL subgroup were aligned using the Needleman-Wunsch algorithm 42 as implemented in the Matchmaker program 43 in Chimera. 44 A companion program, Match -> Align, was used to generate a multiple sequence alignment based on the structure alignment. The sequence alignment was then refined by eye using the aligned structures as a guide.
In the case of 2gvv.pdb (DFPase with inhibitor bound), 2fpb.pdb (strictosidine synthase with tryptamine bound) and 2fpc.pdb (strictosidine synthase with secologanin bound), a structure-based sequence alignment was generated using the Matchmaker program 43 in Chimera, 44 as described earlier, without refinement by eye. The structure alignment was further refined by aligning the alpha carbons of the last three metal-coordinating residue positions. Distances for reactive group positions were then measured in Chimera. 44 Sequence-based alignments of the SSL subgroup were generated for each phylogenetically defined cluster using MUSCLE. 45 For example, proteins in the plant only cluster were aligned to each other prior to generating a full subgroup alignment. Profile alignments, in which each cluster of aligned sequences was aligned with another cluster, were then created. Protein sequences from the arylesterase-like and SGL subgroups with associated structures were then aligned to the SSL subgroup alignment using MUSCLE. This overall alignment was refined by eye using the structure-based multiple sequence alignment as a guide.
Gene context analysis
The amino acid sequence of a SSL gene fused to the transmembrane portion of an ABC transporter (gi|13471676) was used to identify other putative ABC transporter fusions by BLAST searches using the integrated microbial genomics system. 46 The top eight nonredundant hits were selected based on their alignment length and gene neighborhoods evaluated.
Phylogenetic tree
Proteins in the SSL subgroup alignment were filtered to 40% identity using cd-hit, 47 resulting in about 30 clusters. A single protein was selected from each cluster based on the median length of that cluster. Trees were constructed with MrBayes v3.1.2 48,49 under the WAG amino acid substitution model 50 using a gamma distribution to approximate rate variation among sites.
Structure-function linkage database
Data for the SSL subgroup has been added to the Structure-Function Linkage Database (SFLD) (http:// sfld.rbvi.ucsf.edu) 51 as described in the text.
Data for the SGL and arylesterase-like subgroups of this SF will be added to the SFLD.
General methods and analytical techniques
Secologanin was isolated as previously described. 52 All chemicals were purchased from Sigma Aldrich unless otherwise noted.
A Varian Cary 50 Bio UV/Visible Spectrophotometer equipped with a Cary 50 microplate plate reader was used to measure hydrolysis products in colorimetric assays. UPLC and MS analyses were performed in tandem on an Acquity Ultra Performance BEH C18 column with a 1.7 mm particle size, 2.1 3 100 mm dimension, which was coupled to a Micromass LCT Premier TOF Mass Spectrometer by Waters Corporation (Milford, MA) with an electrospray ionization source. Analytes were separated, using a 10-50% acetonitrile: water (0.1% formic acid) over 5 min and flow rate of 0.5 mL min 21 . For MS analyses, the capillary and sample cone voltages were 3,000 and 30 V, respectively. The source temperature was 1008C while the desolvation temperature was 3008C. The cone and desolvation gas flow rates were 60 and 800 L h 21 , respectively.
Cloning and protein expression
C. roseus SS in pET28a (1) and empty vector were transformed into Escherichia coli BL21 (DE3) cells for protein expression. The Vitis vinifera SSL gene (gi|147772032) was synthesized by CODA genomics (now Verdezyne; Carlsbad, CA) and NcoI and XhoI restriction sites were introduced by PCR for standard directional cloning into pET32b (1). The construct was then transformed into E. coli Rosetta DE3 cells for protein expression. PON1 (variant G2E6) in pET32b (1) was transformed into E. coli Origami B DE3 cells for protein expression. All liquid and solid media were supplemented with 1 mM CaCl 2 .
Overnight cultures were grown at 378C in sterile LBbroth containing 1 mM CaCl 2 and the appropriate antibiotic selection. Cultures of C. roseus SS (500 mL), containing 1 mM CaCl 2 and 50 lg mL 21 of kanamycin were inoculated with overnight cultures (1:100 dilution), and grown at 378C until the optical density at 600 nm reached 0.5-0.75. After cultures were chilled at 48C for 30 min, protein expression was induced with 1 mM isopropyl-b-D-1-thiogalactopyranoside (IPTG). Cells were harvested by centrifugation after 18 h of protein expression at 188C and stored at -808C. Cultures of pET28a(1) (500 mL) containing 1 mM CaCl 2 and 50 lg of kanamycin were inoculated with overnight cultures (1:100 dilution), and grown at 308C until the optical density at 600 nm of 0.5-0.75 was reached. Protein expression was induced with 1 mM IPTG and after 4 h the cells were harvested by centrifugation and stored at -808C.
Cultures of V. vinifera SSL and the empty pET32b (1) vector (500 mL) containing 1 mM CaCl 2 and 100 lg mL 21 of ampicillin and 34 lg mL 21 of chloroamphenicol were inoculated with overnight culture (1:100 dilution), and grown at 378C until the optical density at 600 nm of 0.5-0.75 was reached. Protein expression was induced with 1 mM IPTG and after 6 h the cells (2 h for empty vector) were harvested and stored at -808C. PON1 was expressed as previously reported. 53
Protein purification PON1 was purified as described previously. 53 Cells expressing C. roseus SS, pET28a (1), pET32b (1), and the V. vinifera SSL were lysed by sonication in lysis buffer (pH 8) containing 50 mM HEPES, 1 mM CaCl 2 , 300 mM NaCl, 10 mM imidazole, 10% glycerol, 4 mg lysozyme, and 0.4 lg leupeptin and pepstatin protease inhibitors. The lysate was then incubated in 0.1% tergitol for 2.5 h at 48C. After centrifugation, the supernatant was incubated with 0.01% v/v pre-equilibrated Ni-NTA resin suspension for 1 h before the flow-through was collected. The resin was washed with one column volume of lysis buffer and two column volumes of wash buffer containing 50 mM HEPES, 1 mM CaCl 2 , 300 mM NaCl, 20 mM imidazole, 10% glycerol, and 0.1% tergitol. The resin was then washed with increasing concentrations of imidazole and the histidine-tagged proteins were eluted in pH 8 buffer containing 50 mM HEPES, 1 mM CaCl 2 , 300 mM NaCl, 250 mM imidazole, and 10 % glycerol. The eluent was concentrated in Amicon Ultra centrifugal filter units by Millipore (Billerica, MA) and buffer exchanged using 50 mM HEPES buffer containing 162 mM NaCl, 1 mM CaCl 2 , and 10 % glycerol. The final protein concentration was determined using a bichinchoninic acid assay by Pierce (Rockford, IL).
Hydrolase activity with p-nitrophenyl acetate
A stock of 300 mM p-nitrophenyl acetate (pNPAc) was prepared in HPLC-grade methanol and diluted for enzyme assays. Colorimetric assays to detect the formation of p-nitrophenol at 405 nm were prepared in a MICROTEST 96 well plate from Becton Dickinson Labware (Franklin Lakes, NJ) with a final volume of 250 lL containing either 530 nM (C. roseus SS, pET28a (1)) or 53 nM (PON1, V. vinifera SSL, and pET32b (1)) of Strictosidine Synthase-Like Proteins protein in 100 mM HEPES buffer containing 1 mM CaCl 2 and 2.6 mM NaCl. After pre-equilibration at room temperature for 10 min, assays were initiated by the addition of pNPAc (0.5, 1, 1.6, 2.1, 2.6, and 3.2 mM). Time points were chosen such that the rate of product formation was linear, to ensure accurate measure of initial rates (between 3 and 30 min after initiation of the reaction). The measured pathlength of 0.79 cm and p-nitrophenol extinction coefficient of 18,000 M 21 cm 21 were used to convert the absorbance units of p-nitrophenol into concentrations by the Beer-Lambert law. Kinetic parameters were estimated from two kinetic trials by fitting the data to the Lineweaver-Burk plot since limited substrate solubility did not enable an acceptable fit to the Michaelis-Menten equation (maximal substrate concentration was less than the 2-3 3 K M ).
Pictet-Spenglerase activity
To detect Pictet-Spenglerase activity, assays were prepared in a final volume of 100 lL containing 234 nM protein (C. roseus SS or V. vinifera SSL), and 200 lM tryptamine in 100 mM pH 7 phosphate buffer. Assays were initiated by the addition of 1.2 mM secologanin and incubated at 308C overnight. Ten percent of the assay volume was quenched with HPLC-grade methanol, clarified by centrifugation for 5 min in a microcentrifuge, and analyzed by LC-MS using selected ion monitoring at the mass of the expected product (strictosidine, m/z 531).
RESULTS AND DISCUSSION
In the following sections, sequence similarity networks 37 generated from all-by-all pairwise comparisons of >2500 sequences are used to summarize relationships across the subgroups of the N6P SF and provide functional context for more detailed comparisons of their active sites and mechanisms. Functional and biological features mapped to the networks then enable visualization of functional trends across the SF.
Although the annotations in public databases for the unknowns in the SSL subgroup implicitly infer that they catalyze the SS reaction, our global analysis of sequence, structure, and function relationships in the N6P SF suggests that they do not. In the first section, we show that although all of the SSL subgroup proteins, including the characterized SS enzymes, cluster closely together and are quite distinct from the arylesterase-like and SGL subgroups, the active sites of the true SS enzymes are very different from the predicted active sites of the other SSL subgroup sequences. Moreover, sequence analysis of active site motifs of the great majority of these SSL proteins shows them to be more similar to those of the arylesterase-like and SGL subgroups than to the true SSs, suggesting that they are more likely to catalyze hydrolytic reactions common to those two subgroups instead. Confirmation of hydrolytic activity (and the lack of detectable SS activity) in one of the SSL proteins (gi|147772032 from V. vinifera), a SSL subgroup member that is most similar to true SSs, provides experimental support for this prediction and confirms the conclusion that the true SSs that catalyze the Pictet-Spengler reaction are outliers in this superfamily. In the next section, phylogenetic analysis is used to address the relationship of the SSs to the rest of the SSL subgroup, allowing us to suggest that the SS reaction may have evolved from a metal-dependent ancestor. The third section provides additional evidence that the huge majority of the SSL unknowns are unlikely to catalyze the SS reaction and presents clues about some of their biological functions, including a role for some in ABC transport systems. In the final section, we describe further structural and mechanistic similarities between the outlier SS enzymes and rest of the SF that help rationalize the differences in their active sites and overall reactions and provide support for their inclusion in the N6P SF.
Similarities and differences among SSL, SGL, and arylesterase-like subgroup proteins are complicated and suggest that most SSL proteins do not catalyze the SS reaction
The sequence similarity network comparing the proteins in the N6P SF shows that SSL proteins share a higher degree of similarity with SGL members than either subgroup does with any member of the arylesterase-like subgroup (Fig. 2) , even though comparison of their enzymatic functions suggests a closer relationship between the arylesterase-like and SGL subgroups than for either with the true SSs (Fig. 1) . The best connection seen between an arylesterase-like protein and any other subgroup is at an E-value of 1.2 3 10 28 , where a single edge appears between the arylesterase-like and SGL subgroups (data not shown). At an E-value threshold of 1 3 10 25 , multiple connections are seen between the arylesterase-like and SSL subgroups. No connections are seen between the SSL and arylesterase-like subgroups at the E-value threshold of 1 3 10 25 , which is the least significant E-value at which we feel connections can be considered as minimally confident. 37 Consistent with the functional evidence, comparison of available structures for all three subgroups also shows that the active sites of these arylesterase-like and SGL proteins are similar to each other while the active site of the true SS structures is indeed highly divergent from the other two subgroups (Fig. 3 ).
Using Drp35 (pdb_id: 2dg1; SGL subgroup) as a reference structure, PON1 (pdb_id: 1v04; arylesterase-like subgroup) aligns at 86 alpha carbon positions with an overall RMSD of 1.18 Å , indicating that the overall structures of these two representative N6P SF members are highly similar. The most striking feature in their superposed active sites is a conserved set of four residues coordinating to a divalent metal ion (Fig. 3a) ; this metal-dependent active site architecture has been implicated in the phosphotriesterase mechanism of DFPase (SGL subgroup) and perhaps also in the phosphotriesterase mechanism of PON1 (arylesterase-like subgroup). 30 1 In DFPase, the oxygen from an aspartate from blade 5 is thought to perform a direct nucleophilic attack on a phosphorous atom in a phosphoryl group of DFP, as demonstrated by an H 2
18
O incorporation experiment in which the metal coordinating oxygen of the aspartic acid is replaced by an oxygen atom of a solvent water molecule. 30 The other three residues involved in metal coordination appear to be necessary to maintain the electrostatic environment required for proper orientation of the substrate. The identity of a physiologically relevant divalent metal ion for many of these proteins is unclear; in vitro hydrolytic activity has been found using a variety of metals for proteins in the SGL subgroup, including Ca 21 , Mg 21 , Zn 21 , and Mn 21 in human SMP-30; 54 Mn 21 and Zn 21 for the lactonase activity and Mg 21 , Mn 21 , Co 21 , and Cd 21 for the DFPase activity in mouse SMP-30; 23 and Ca 21 in Drp35. 25 Regardless of their exact identity, these metals appear necessary to polarize the sp 2 -hybrid bonds of substrates (such as carbonyl or phosphoryl groups), and to stabilize the resulting negative charge from transition states and other intermediates. In addition to the catalytic Ca 21 ion required for lactonase and esterase reactions in PON1, a histidine-histidine dyad has been implicated in activation of a water molecule involved in nucleophilic attack on the carbonyl of the substrate (Supporting Information Fig. S1 ). 39,55 Sequence similarity network for the N6P SF. Each node represents one of the >2500 SF protein sequences; edges between nodes are drawn only if the similarity between a pair of sequences is better than an E-value threshold cutoff of 1E-10 (median alignment length 5 238 residues; median percent identity of pairwise comparisons 5 30.0%). The network is visualized using the organic layout in Cytoscape. While the lengths of connecting edges tend to correlate with the relative dissimilarities of each pair of sequences, these distances do not represent a quantitative correlation. Coloring is by subgroup; red: SGL, green: SSL, blue: arylesterase-like. Large diamond shaped nodes: proteins represented in Table I . 1 Although additional residues may coordinate to the metal in some enzymes (such as a fifth residue seen in the PON1 structure), a mechanistic role has not yet been defined beyond the four residues detailed in our analysis. As such, our analysis is limited to speculating on the role of these four residues in the SF.
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In contrast, the active site of the true SS from R. serpentina lacks all four of these metal coordinating ligands (Fig. 3b ). Using Drp35 as a reference structure, SS aligns at 154 alpha carbon positions with an overall RMSD of 1.67 Å , suggesting significant overall structural similarity. However, while the secondary structure features of the SS and Drp35 active sites overlay, SS lacks all four metal-binding ligands, making the active site environment substantially different from those of Drp35 and PON1. This difference is consistent with a metalindependent mechanism in the Pictet-Spengler reaction that is thought to proceed using a catalytic glutamic acid from blade 6 (Glu309), which abstracts a proton from the amine group of the substrate tryptamine, allowing it to attack the aldehyde of secologanin. The indole then attacks the resulting iminium species to form the tetrahydro-b-carboline product, strictosidine. 56 In an attempt to resolve the apparent contradiction in the relationships between sequence, structure, and reaction specificity among the three subgroups, we examined the SSL subgroup in greater detail as shown in Figures 4  and 5 . In the network shown in Figure 4 , increasing the stringency at which edges are drawn to an E-value less than 1 3 10 250 illustrates the similarity connections among the SSL subgroup proteins in more detail and shows how the network begins to ''come apart'' into smaller clusters representing higher levels of sequence similarity within each subset. From Figure 4 , it is clear that the experimentally characterized true SSs lie at the periphery of the network, sharing similarity connections with only a subset of SSL subgroup proteins. Strikingly, the figure also shows that with the notable exception of the true SSs, the vast majority of the SSL proteins also conserve the four metal-binding ligands generally expected of SF members that catalyze hydrolytic reactions. Of those that do not (129 of the 516 sequences shown in Fig. 4 ), about half are so diverse from other sequences in the set that their alignments in the active site region are difficult to confirm, making it difficult to evaluate whether or not they are indeed missing one of more metal-binding ligands. Most of the others of these proteins have not been experimentally characterized. As a result, insufficient evidence is available to speculate further regarding their reaction specificities.
Although no structures are yet available for any of these SSL subgroup unknowns, their sequence conservation of the four ''canonical'' metal-binding ligands suggests that most are indeed metal dependent. Figure 5 provides a structure-guided sequence alignment comparing active site motifs from the structures in Figure 3 with nine SSL sequences (indicated by white arrows in Fig. 4 ) that are divergent from the true SSs. As indicated in the figure, these unknowns generally appear to conserve all the four metal-binding residues and also likely lack the catalytic glutamate required for catalysis of the SS reaction, again suggesting they are more likely to catalyze a hydrolytic reaction than the SS reaction. The recent identification of a low level of arylesterase activity in human APMAP, 32 an SSL protein that appears to have all four metal coordinating residues (gi|24308201 in Fig. 5 ), provides some initial experimental validation of this prediction. However, more detailed analysis of many more of these proteins will be required to determine their reaction specificities or promiscuous capabilities for known reactions in the arylesterase-like and SGL subgroups. For example, we note that while SSL proteins do not appear to conserve the His-His dyad that PON1 requires for its lactonase/esterase activities (Supporting Information Fig. S1 ), other lactonase/esterase reactions in the characterized SGL enzymes also lack this feature.
Figure 3
Active site superposition of (a) SGL (Drp35, pdb_id: 2dg1; red) and arylesterase-like (PON1, pdb_id: 1v04; cyan) subgroup proteins. Conserved metal coordinating residues (see text) are colored by element; gray: carbon, blue: nitrogen, red: oxygen. (b) Superposition of Drp35, PON1, and SS (pdb_id: 2fpb; green). SS residues are labeled black that superimpose with alpha carbon positions for metal coordinating residues in Drp35 and PON1. The glutamate (Glu309) required for SS activity in 2fpb is also labeled black. These five residues are colored by element; green: carbon, blue: nitrogen, red: oxygen. The metals shown in (a) have been removed for clarity. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
The SSL sequences most similar to the true SSs share between 37 and 49% identity with them, sufficiently distant to suggest that they may well catalyze reactions other than SS. Importantly, they also appear to lack the catalytic glutamate required for SS activity (data not shown except for the proteins labeled by gi numbers in Fig. 5) , again supporting the hypothesis that they do not catalyze the SS reaction. Notably, several of these closest neighbors to the true SSs also lack one or more of the conserved metal-binding ligands typical of the hydrolytic SF members. Because it appears in Figure 5 to clearly lack the metal-binding ligand at position 210 and is also most similar to SS in the motif shown in the figure that is associated with that position, we chose the protein from V. vinifera, gi|147772032, for experimental examination of its ability to catalyze either a hydrolytic or the SS reaction. Consistent with our hypotheses, it was found to hydrolyze the model substrate p-nitrophenyl acetate (pNPAc), albeit at a lower level than the activity reported for PON1 19 but still significantly higher than background hydrolysis observed with C. roseus SS (Supporting Information Fig. S2 ). Steady-state kinetic analyses of the V. vinifera protein assayed with pNPAc revealed that the protein had a V max of 220 AE 140 mol min 21 mol 21 and an estimated K M of 8 AE 3 mM. Interestingly, the V. vinifera protein does not appear to catalyze the Pictet-Spengler condensation between tryptamine and secologanin (Supporting Information Fig. S3) .
The low level of hydrolytic activity in this enzyme is not unexpected since neither its true substrate nor the Sequence similarity network showing conservation of metal binding residues for the 516 SSL subgroup sequences generated from all-by-all pairwise comparisons. Nodes, edges, and layout are as in Figure 2 except that edges are drawn only for comparisons scoring better than an E-value threshold cutoff of 1E-50 (median alignment length 5 297 residues, median percent identity 5 41%). The arc with black arrows indicates the region of the network in which most of the connections between SSL proteins and the SGL subgroup are found (Fig. 2) . Large diamond-shaped nodes: enzymes that have been biochemically and/or structurally characterized. Large nodes labeled with arrows and gi numbers: proteins shown in the motif alignment in Figure 5 . True SSs are labeled and circled, including both biochemically characterized and predicted SSs (see Table I ). Nodes are colored by number of metal-coordinating residues; all four present: red, 3 of 4: yellow, 2 of 4: green, 1 of 4: cyan, no metal-coordinating residues present: gray.
Strictosidine Synthase-Like Proteins consequences of missing one of the metal-binding ligands are known. This missing metal ligand, a highly conserved Asn that aligns in all of the presumed hydrolytic enzymes shown in Figure 5 (position 210) , is replaced by a Gly in both the V. vinifera protein and the SS. Although this asparagine has been shown to play a role in maintaining the electrostatic environment necessary for the degradation of toxic organophosphates by DFPase in the SGL subgroup, 30 it might be less important for other hydrolytic reactions such as those catalyzed by some lactonases or esterases. 25 Alternatively, a subset of SSL proteins lacking one or more canonical catalytic residues may play a regulatory role in some as yet unknown cellular process (e.g. in other systems, see Ref. 57 ).
The differences between this V. vinifera protein and true SSs may also suggest variations that are ''transitional'' between the majority of SSL proteins predicted to be hydrolases and the true SSs. Since so few structures and little biochemical evidence are available for their functions or mechanisms for either the arylesterase-like or the SGL subgroups and none for the SSL proteins (besides the true SSs), we cannot resolve the differences at this time. Further evaluation of this hypothesis will likely require both structural characterization and identification of the physiological substrate of the V. vinifera protein as well as additional uncharacterized proteins from the SSL subgroup.
Figure 5
Active site motif alignments of nine SSL subgroup proteins with structures from the arylesterase-like (blue, pdb_id:1v04), SGL (red, pdb_id's: 2dg1, 1pjx) and SSL subgroups (green, pdb_id: 2fpb). Numbering is from the SS structure, also highlighted in green. Highlighted in bold and yellow: four conserved metal coordinating active site residues that are found in the characterized arylesterase-like and SGL subgroup members and the majority of uncharacterized sequences in the SSL subgroup (indicated by gi numbers, Figure 4 ), but not in the true SS (row highlighted in green). Highlighted in bold and gray: catalytic glutamate required for SS activity. Note that in PON1 (1v04.pdb), a fifth residue (N255) is thought to coordinate to the calcium; this residue is conserved in many of the SSL proteins shown and may play a similar role. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
Figure 6
Bayesian phylogenetic tree of a representative subset of SSL subgroup. Thirty proteins for which no two proteins share greater than 40% identity were used. Coloring of leaves and branches is by type of life: plants, green; bacteria, blue; vertebrate animals, red; invertebrate animals, orange. Characterized SS (gi|193792547) is indicated by an asterisk. Branch confidence values: >0.95, filled circle; 0.70-0.94, open circle; 0.65-0.69, no circle.
SS may have evolved from an ancestor with metal-coordinating active site residues
To gain additional clues regarding how the SS reaction could have evolved in the context of SSL subgroup ancestry, we constructed a phylogenetic tree for a representative subset of the subgroup (Fig. 6 ). The clustering patterns of the leaves of the tree appear similar to the clustering patterns seen in the sequence similarity networks ( Fig. 4) , with clusters generally correlating with type of life ( Fig. 7) . Two distinct clades of plant proteins are present: one corresponding to the plant only cluster of the SSL subgroup network, and the other clade joined with bacterial proteins corresponding to the ''mixed'' cluster of the SSL subgroup in Figure 7 . Additionally, separate clades for vertebrate and for invertebrate animal proteins can be distinguished; however, the interior node joining these two clades is not well resolved.
As noted earlier, gi|147772032 from V. vinifera may reflect features of an evolutionary transition between hydrolytic SSLs and SS in the ancestry of the subgroup, displaying characteristics of the metal-coordinated active site common to most of the SF, as well as characteristics more similar to those in the SS active site motif (Fig. 5 ). An evaluation of the position of this sequence in the tree relative to characterized SS may provide clues about how the SS function could have arisen. It is therefore interesting that a characterized SS protein (gi|193792547) is the nearest neighbor of gi|147772032 in the tree. The next most interior node, gi|1754987 (not shown in Fig. 5 ), also appears to share three of the four metal coordinating residues common to most of the SF members, with the Asn/Gly position Sequence similarity network showing types of life for the 516 SSL subgroup sequences generated from all-by-all pairwise comparisons. Nodes, edges, and layout are as in Figure 2 except that edges are drawn only for comparisons scoring better than an E-value threshold cutoff of 1E-50 (median alignment length 5 297 residues, median percent identity 5 41%). The arc with black arrows indicates the region of the network in which most of the connections between SSL proteins and the SGL subgroup are found ( Figure 2 ). Large diamond-shaped nodes: enzymes that have been biochemically and/or structurally characterized. Large nodes labeled with arrows and gi numbers: proteins shown in the motif alignment in Figure  5 . True SSs are labeled and circled, including both biochemically characterized and predicted SSs (see Table I ). Coloring is by ''type of life''; bacteria: blue, plants: green, archaea: magenta, vertebrate animals: red, invertebrate animals: orange, protozoa: yellow.
Strictosidine Synthase-Like Proteins (position 254 in Fig. 5 ) substituted by an Ala. Though the interior node joining the next closest sequence (gi|225467502) with these three others is not well-resolved, the interior node distinguishing the plant only cluster from the rest of the SSL subgroup is resolved to a posterior probability of 1. All the proteins contained therein, with the sole exception of the true SS, conserve some or all four of the metal coordinating active site residues common to the rest of the SF, lending support to the idea that the SSs, found only in recently evolved higher plants, may have diverged from a metal-dependent ancestral-like protein.
It is also possible that there are more complex evolutionary origins to the functions represented in the SSL subgroup, and that SS and SSL proteins may be paralogous rather than orthologous. Sequencing of the genomes of additional higher plants to fill in the sequence links among these very diverse proteins, along with further experimental characterization of SSL proteins, will be required to address this issue.
Biological information provides clues about functional properties of some SSL subgroup proteins
Besides information from homology, many other types of information have been used to infer functional properties of sequences discovered in genome projects (see Ref. 58 for a recent review). Gene context suggests that several SSL proteins from gram-negative bacteria may function in ABC transport, most likely involved in the Gene neighborhood for SSL proteins in gram-negative bacteria as seen on the Integrated Microbial Genomes (IMG) system. 46 Colored genes (other than light-yellow) have orthologous components in another organism. Boxed: permease protein of sugar ABC transporters (light green, labeled A); binding protein components of sugar ABC transporter (cyan, labeled B); a second permease protein of sugar ABC transporter, but in this case fused to a SSL protein (red, labeled C); a second, independent SSL protein (light-pink or in some cases, light-yellow, when an orthologous component is not detected, labeled D); and an ATP binding protein (light blue, labeled E). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] uptake of carbohydrates (Fig. 8 ). These proteins are sometimes fused to ABC transmembrane domains (such as gi|13471676 from Mesorhizobium loti MAFF303099), but can also appear as independent domains proximal to genes encoding ABC transport machinery, such as an ATP-binding domain or substrate-binding protein. Based on the sequence similarity of these ABC transporter components (not shown), we can hypothesize that these proteins are members of the carbohydrate uptake transporter-2 (CUT2) subfamily. Proteins in this subfamily are known to import monosaccharides such as ribose 59 and xylose 60 as well as ribonucleotides. 61 The proximity of at least two of these proteins (gi|238761435 from Yersinia kristensenii ATCC 33638 and gi|258637446 from Pantoea sp. At-9b) to genes encoding proteins similar to carboxymuconolactone decarboxylases suggest that these transporters likely import lactones and related compounds. Consistent with that interpretation, the presence of metal-coordinating residues in all of the SSL domains in this set of proteins suggests a potential enzymatic role as well, perhaps functioning as the first step in a secondary sugar metabolism pathway.
Other SSL proteins appear to be involved in immunity. For example, hemomucin, an innate immune receptor in flies, 62,63 is represented in the cluster of proteins from invertebrates ( Fig. 7; orange) . All of the proteins in this cluster have an SSL domain while only some have the additional mucin-type repeats described elsewhere. 64 Interestingly, nearly all these proteins appear to have the metal coordinating residues associated with hydrolytic activity ( Fig. 4) . Whether the presence of these residues confers hydrolytic activity and whether its unknown activity is required for signal transduction by the hemomucin receptor remain to be tested.
Comparison of liganded SGL and SSL subgroup structures reveals intriguing similarities in active site mechanisms despite the differences between their divergent reactions and active sites
Although all of the members of the N6P SF appear to share a general catalytic strategy involving nucleophilic attack on an electrophilic substrate, the very substantial differences in active site and overall chemical reaction between true SSs and the great majority of other SF members indicates that the true SSs are functional and structural outliers of the SF. It is difficult to rationalize these differences between the SSs and the rest of the SSL subgroup because we lack structural or mechanistic characterization of any SSL protein, or even their reaction specificities. However, since the great majority of SSL proteins share the four metal-binding ligands typified by the other two subgroups, structural and mechanistic comparison of the active site of SS with PON1 and DFPase allows a firstpass speculation about how SS activity could have evolved from a metal-dependent ancestor.
In contrast to the metal-independent Pictet-Spengler reaction 56 catalyzed by SS, conservation of metal ligands across the rest of the N6P SF appears to be a fundamental requirement for the activation of substrates for hydrolysis and the stabilization of intermediates and transition states. For its lactonase and esterase activities, 39 PON1 requires these conserved metal coordinating residues as well as a fifth metal-binding residue and a His-His dyad (Supporting Information Fig. S1 ). DFPase lacks both the His-His dyad and the fifth metal-binding residue and uses its four metal-coordinating residues directly in the phosphotriesterase mechanism. 30,31,65,66 Superposition of the liganded DFPase and SS structures reveals similarity in the positions of two of these metal ligands in DFPase with that of bound tryptamine from SS ( Fig. 9) . Remarkably, the position from which the direct nucleophilic attack that forms a phosphoenzyme intermediate in DFPase occurs is in a similar spatial orientation to that involved in the nucleophilic attack by tryptamine on the aldehyde of secologanin to form the carbinolamine intermediate in SS (Fig. 9, Supporting Information Fig. S4 ).
Based on this structural similarity and the known mechanisms of these enzymes, we speculate that the substitution of two conserved metal residues to glycines in SS (positions 210 and 254 in Fig. 5 ), which includes the loss of the aspartate required in the phosphotriesterase mechanism in DFPase, may have created space for the binding of tryptamine in the SS active site. The eventual loss of the other, now unneeded, metal coordinating residues could then have occurred over the course of evolution. Consistent with this notion, the amino group in tryptamine seems to play a role in the mechanism of SS that is analogous to the role that the nucleophilic oxygen atom of the conserved aspartic acid plays in the phosphotriesterase mechanism of DFPase. That is, both reaction mechanisms involve a nucleophilic attack on a sp 2hybridized electrophilic atom from the same part of the active site, one using metal-assisted catalysis and the other using substrate-assisted catalysis.
The scenario is more complicated for PON1. Here, catalysis of lactonase/esterase reactions involves the use of a His-His dyad from a different side of the active site. As with this enzyme, many other variations in mechanism across the enzymes of the SF are also likely and suggest that additional residues in SSL subgroup proteins could play critical roles in whatever specific function(s) they catalyze. Thus, characterization of some of these SSL unknowns will likely reveal other complex variations, allowing us to understand better how the N6P active site architecture has evolved to support a variety of different reactions.
SUMMARY
In this article, we examine the largely uncharacterized SSL subgroup of the N6P SF in the context of the known structure-function relationships of the SF. The results of this global analysis lead to the prediction that the great majority of these so-called SSL proteins do not catalyze the SS reaction but rather catalyze hydrolytic reactions typical of the arylesterase-like and SGL subgroups instead. Experimental evidence for hydrolytic activity in two SSL subgroup enzymes, APMAP and the enzyme from V. vinifera, together with a phylogenetic analysis, suggests that the SS function could have arisen from an ancestor with a metal-coordinating active site. Based on domain organization, operon context and putative active site residues, we suggest that some of the SSL proteins may perform biological roles in bacterial ABC transporter systems. Finally, we demonstrate that despite the relative outlier status of the true SSs in reaction and active site architecture compared to other SF members, they share some similar structural features and have retained a common mechanistic strategy involving nucleophilic attack on an electrophilic substrate that supports their unification with the rest of the SF. Overlaid on this common mechanistic strategy, the very substantial differences between the sequences and active site structures among different members of the N6P SF specify their very distinct overall reactions.
Access to data from this work
The data presented here for the SSL subgroup, including SSL and SS sequence and structure data and full-length alignments of representative sequences identifying key conserved amino acids, have been added to the Structure-Function Linkage Database (SFLD) (http://sfld.rbvi.ucsf. edu). 51 Interactive versions of the networks, allowing users to examine the larger similarity context for specific proteins in the set, are freely available for download.
